In order to provide a good theoretical guidance for the development and utilization of weathered phosphorite resources, we investigated the geochemical and mineralogical characteristics of primary and weathered phosphorites. The analysis of trace elements showed that the primary ore has hydrothermal sedimentation effect in the later stage, the weathered ore has obvious residual enrichment and the phosphate ore belongs to clastic lithologic phosphate rock. In addition, through leaching test method, it was shown that rare earth elements are present in fluorapatite in the form of isomorphic substitution, and the proportion of rare earth elements adsorbed on clay and other minerals was likely to be between 2% and 3%. The light rare earth elements are relatively enriched in both primary and weathered phosphorite, and Ce and Eu have obvious negative anomalies. The primary phosphorite is a dolomitic phosphorite containing rare earth elements, which are naturally enriched by weathering, and its weathered ore has obvious residual enrichment, while the deposit was characterized by normal marine sedimentation and hydrothermal action.
Introduction
Phosphorite is a non-renewable resource without substitute and a significant raw material for phosphatic fertilizers and phosphorus-based chemicals [1] [2] [3] . There are abundant sedimentary phosphorite deposits in China, most of which were formed in the Neoproterozoic Late Sinian and in the Paleozoic early Cambrian [4, 5] . Supergene weathering of these phosphorites produced weathered phosphorite, a potential industrial type of phosphorite, which is a high-quality ore [6] . The formation of weathered phosphorite is restricted and controlled by the geochemical characteristics of primary ore and the external conditions of ore bodies or rock masses presence [7] . Weathering changed the characteristics of phosphorite, and there is a significant difference between weathered ore and primary ore, regardless of their characteristics or grade [8] . Relative to fresh phosphorite, weathered phosphorite is generally enriched in alkali metals, alkaline earth elements, halogen and radioactive elements, and depleted in mantle elements [7, 9] . Weathered phosphorites are also characterized by generally enrichment in light rare earth elements (LREE), depletion in HREE, and Eu negative anomaly [10, 11] . Different rocks and ores have different resistance to weathering. Carbonate is easier to be weathered and denuded than phosphate, and the weathering products, calcium, and magnesium are easily leached away, residually enriching apatite [12] [13] [14] . The phosphorites of Gezhongwu Formation in Zhijin County mainly are bioclast dolomitic and siliceous. The bioclastic components of the phosphorites consist of pelecypods, gastropods, algae, etc [15] . Wang et al. (2004) studied the genesis of the Xinhua phosphorite deposit in Guizhou China and analyzed the REE composition of the ore using ICP-MS [16] . They concluded that phosphorite was formed exclusively by marine sediments deposited in ancient pericontinental seas. They also suggested that the phosphorite deposit was subjected to strong weathering after deep buried diagenetic processes, which did not change its REE composition remarkably. A systematic study of leaching of rare earths from a phosphorite ore using four leaching modes [17] : sulfuric acid leaching, phosphoric acid leaching, mixed acid leaching, and two-step leaching of phosphoric acid and sulfuric acid was carried out by Jin et al.(2017) . Wang (2011) found that the Sr/Ba ratio of weathered phosphorite ores is generally less than 1 due to dissolution of dolomite [7] , and the U/Th ratio is generally significantly lower than that of primary phosphorite ores.
Although some geological work has been done on the phosphorite deposits in southern China, the weathered phosphorite has not been fully recognized and studied. In this study, we investigated the mineralogical and geochemical composition of the primary and weathered phosphorites to optimize the use of weathered phosphorite and their rare earth elements in industry.
Materials and Methods

Materials
Six phosphorite samples from different locations in the Zhijin mining district in the Guizhou Province, China, were analyzed for their major oxides and trace elements composition, using the lithum borate/lithum metaborate and X spectrofluorimetry methods [18, 19] . The assay results are summarized in Table 1 . The samples 1 and 2 are form primary phosphorites and samples 3 to 6 are form weathered phosphorites according to the weathered phosphorite criteria proposed by Zhang et al. [6, 20] . Ba  183  3200  433  479  732  455  Ce  142  78  247  232  210  272  Cr  20  20  40  40  50  40  Cs  1  1  2  2  2  1  Dy  27  14  46  44  42  53  Er  15  8  26  25  24  29  Eu  6  4 
X-ray Diffraction (XRD) Analysis
In order to identify the mineral composition of phosphorite samples, an X-ray powder diffract meter (Rigaku D/MAX 2500, Tokyo, Japan) was applied by using Cu Kα radiation (40 kV, 100 mA). The samples were scanned at the speed of 6 • /min over a 2θ range of 2.6-45 • . Furthermore, SIROQUANT software (V3, Sietronics) was carried out to quantify the mineralogical composition. The software used the full-profile Rietveld method to refine the shape of calculated XRD pattern against the profile of a measured pattern [21] .
Optical Microscopy
Thin section of phosphorite samples were prepared and investigate by optical microscopy [22, 23] . An Olympus CX21 polarizing microscope was used to investigate the mineral characteristics and textural relationships of phosphorite.
SEM-EDX
The morphology, composition, and orientation of phosphorites were studied using a Hitachi 3400 N scanning electron microscope (SEM) in Guizhou University Physical and Chemical Testing Center lab. The morphology was studied using back scattered electrons (BSE) and the composition of the various phases using EDX [24] [25] [26] .
Leaching Test
In order to determine the presence of REE, phosphorite samples were leached with different acids and inorganic salts [17] . A 10 g composite sample was leached with acid (HCl or HNO 3 ) and whereas a 5 g composite samples was leached with inorganic salt. The experiments were carried out at room temperature for 2 h in 100 mL leaching agent with acids concentrations of 1%, 3%, 5%, 7%, 9%, and 11% and inorganic salts concentrations of 5%, 10%, 15%, 20%, and 25%. The main reactions can be summarized as follows [27] :
The four leaching agents were hydrochloric acid (HCl), nitric acid (HNO 3 ), ammonium chloride (NH 4 Cl) and sodium chloride (NaCl). HCl and HNO 3 , both with an analytical purity, were purchased from Chongqing Chuandong Chemical (Group) Co., Ltd. (Chongqing, China); while the other reagents were obtained from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).
Mathematical Method for Judging Independent Minerals
Independent minerals, concentrated state of elements, are particles larger than 0.001 mm in diameter and can be studied with naked eyes or under the microscope. There are two basic conditions for the formation of independent minerals [17] : one is relative stability under certain physical and chemical conditions; the other is certain element content. It is necessary to carry out mathematical analysis on the content of phosphorus and rare earth elements in the phosphate rock and calculate their mean value and mean variance. If the ratio of the mean value and mean variance of the two are significantly different (generally considered to be 20%), rare earth will exist in the form of independent mineral; otherwise, it will exist in a dispersed form such as homogeneity, adsorption, etc.
When a dependent variable, y, varies to some extent with an independent variable, x, it can be assumed that they have the following relationship: y = a + bx. According to the analysis in Table 1 , we let y be the content of rare earth elements and x be the content of phosphorus pentoxide. The regression equation was established, and the coefficients a and b were obtained using Equations (4) (5) (6) (7) (8) .
where y and x are the mean values of dependent variable y and independent variable x, respectively; s x and s y are the mean square deviation of x and y, respectively; N sa is total number of samples.
Results and Discussion
Comparion of Mineral Composition between Primary Weathered Phosphorites
All the samples are rich in CaO, P 2 O 5 and SiO 2 ( Table 1 ). The L.O.I in primary phosphorite is higher than in weathered ore. Fluorapatite is present in both primary and weathered ores, with respective averages of 31.7% and 79.3% (Figure 1 ). Dolomite was detected only in primary ore with an average content of 48.75% (Figure 1 Figure 2 shows the distribution and textural characteristics of various minerals present in the ore. The composition of the various minerals was studied with a SEM equipped with an EDX detector ( Figure 3 ) [28, 29] . The results showed that fluorapatite, embedded in dolomitic matrix, is the main phosphorus-bearing mineral. Fluorapatite occurs in spherical, oolitic, and clastic forms, in mainly grey-yellow and grey-brown colors under transmitted light. Dolomite is the main cement in the rock and is colorless or white under plane parallel light. Dolomite also appears in the matrix of phosphorite as euhedral and subhedral isolated crystals and aggregate. Quartz was randomly distributed in the dolomite matrix, with a few crystals disseminated in phosphorite. It occurs as granular and hypidiomorphic grains with clean surfaces. Figure 2 shows the distribution and textural characteristics of various minerals present in the ore. The composition of the various minerals was studied with a SEM equipped with an EDX detector ( Figure 3 ) [28, 29] . The results showed that fluorapatite, embedded in dolomitic matrix, is the main phosphorus-bearing mineral. Fluorapatite occurs in spherical, oolitic, and clastic forms, in mainly grey-yellow and grey-brown colors under transmitted light. Dolomite is the main cement in the rock and is colorless or white under plane parallel light. Dolomite also appears in the matrix of phosphorite as euhedral and subhedral isolated crystals and aggregate. Quartz was randomly distributed in the dolomite matrix, with a few crystals disseminated in phosphorite. It occurs as granular and hypidiomorphic grains with clean surfaces. Figure 2 shows the distribution and textural characteristics of various minerals present in the ore. The composition of the various minerals was studied with a SEM equipped with an EDX detector ( Figure 3 ) [28, 29] . The results showed that fluorapatite, embedded in dolomitic matrix, is the main phosphorus-bearing mineral. Fluorapatite occurs in spherical, oolitic, and clastic forms, in mainly grey-yellow and grey-brown colors under transmitted light. Dolomite is the main cement in the rock and is colorless or white under plane parallel light. Dolomite also appears in the matrix of phosphorite as euhedral and subhedral isolated crystals and aggregate. Quartz was randomly distributed in the dolomite matrix, with a few crystals disseminated in phosphorite. It occurs as granular and hypidiomorphic grains with clean surfaces. 
Ore Texture Differences
Comparison of Trace Elements
As shown in Table 1 , the primary and weathered ores are enriched in Ba, Ce, La, Nd, Sr, and Y, and depleted in Co and Ni. Gallium, a chalcophile element related to hydrothermal activity [22] , was enriched in the weathered ore and gradually depleted with the increase in temperature. Chromium, a siderophile element mainly found in ultrabasic and basic rocks, was also enriched in the weathered ore and mainly found in basic rocks and ultrabasic rocks.
U and Th are lithophile elements with similar geochemical properties, and they usually occur in oxides or oxygen-bearing salts [19] . U/Th values (see Table 1 ) of primary ore are lower than 1, while those of weathered ore are higher than 1, which indicates that hydrothermal precipitation has an effect on the later stage of primary ore, and weathered ore has obvious residual enrichment properties. The average Sr/Ba values (Table 1 ) of primary and weathered ores are all greater than 1 except for sample No.6, indicating that the phosphate rock is clastic in origin. The mean Rb/Cs values of primary ore and weathered ore were almost the same, indicating that these active lithophile elements were adsorbed or bound evenly in the minerals of the original rock. Both Zr and Hf are high field strength elements and indicate differences in hydrothermal action, the former was enriched at an early stage while the latter at a later stage. The Zr/Hf value of weathered ore was significantly smaller than that of primary ore, indicating that primary ore was related to the early hydrothermal activity while weathered ore was relevant to the later stage.
Comparison of Rare Earth Elements
As shown in Table 2 , the content of total rare earth elements in weathered phosphate rock was higher than that in primary ore. Concentration of LREE is higher than that of HREE in both types of ore (average LREE/HREE ratio = 1.35, average (La/Yb)N ratio = 16.11), and δCe and δEu are obtained using Equations 9 and 10. Figure 4 shows negative Ce and Eu anomalies in primary and weathered ores, while La, Nd and Y are relatively enriched. The negative Ce anomaly indicates that there may 
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Comparison of Rare Earth Elements
As shown in Table 2 , the content of total rare earth elements in weathered phosphate rock was higher than that in primary ore. Concentration of LREE is higher than that of HREE in both types of ore (average LREE/HREE ratio = 1.35, average (La/Yb) N ratio = 16.11), and δCe and δEu are obtained using Equations (9) and (10) . Figure 4 shows negative Ce and Eu anomalies in primary and weathered ores, while La, Nd and Y are relatively enriched. The negative Ce anomaly indicates that there may be two situations: one is that the ore-forming environment of phosphate rock was oxidizing and Ce 4+ with small ion radius was difficult to enter apatite lattice to form a loss; the other is that Ce 4+ can easily form CeO 2 which lead to loss during the reworking of phosphate rock in marine environment. The negative Eu anomalies indicate that magma was differentiated by a certain intensity of crystallization [14] [15] [16] [17] . In summary, the characteristics of REE indicated that the phosphorite belongs to the normal marine sedimentary rock. δCe = Ce N /(La N × Pr N ) 0.5 (9) δEu = Eu N /(Sm N × Gd N ) 0.5 (10) 
Analysis of Rare Earth Elements (REE) Occurrence State
Analysis of Independent Form
After calculation, the average values = 25.7170 and = 0.1379, the mean square errors = 9.5433 and = 0.0528, and the regression equation = 0.0054 − 0.0019were obtained.
As a consequence, the values ( ) = 186.451 and ( ) = 180.747 were also acquired, and they differ by 3.06%, which is much less than 20%. Therefore, it is considered that the rare earth elements are unlikely to exist as an independent mineral [15, 31, 32 ]. 
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After calculation, the average values x = 25.7170 and y = 0.1379, the mean square errors s x = 9.5433 and s y = 0.0528, and the regression equation y = 0.0054x − 0.0019 were obtained. As a consequence, the values x y = 186.451 and s x s y = 180.747 were also acquired, and they differ by 3.06%, which is much less than 20%. Therefore, it is considered that the rare earth elements are unlikely to exist as an independent mineral [15, 31, 32] .
Analysis of Isomorphic Form
Rare earth elements can either exist in the form of independent minerals or isomorphic substitution in the minerals' lattices. If the REE exists in the form of a separate mineral such as monazite and xenotime, it is difficult to dissolve in the dilute acid, even in small amounts. If the rare earth elements exist in the crystal lattice of colloidal phosphate ore, their physicochemical properties should be similar, the rare earth elements can be completely dissolved in dilute acid together with the colloidal phosphate [31] . Therefore, under certain conditions, the fluorapatite in phosphorite can be dissolved by dilute acid, and the leaching rate of phosphorus and rare earth elements can be analyzed to study the deportment of rare earth elements [31] .
The leaching process (see Equations (1)-(3)) was carried out using a magnetic stirrer at room temperature. It can be seen from Figure 5 that the leaching rates of phosphorus and rare earth are approximately the same. When the leaching rate reaches 99.98%, it no longer increases with increase of acid concentration, meaning they exist in the form of isomorphism. With the dissolution and lattice destruction of apatite, phosphorus and rare earth elements were transferred into the solution at the same time. The isomorphic substitution involves the replacement of Ca 2+ in apatite by REE [31] . 
Analysis of Ion Adsorption Form
If rare earth elements are adsorbed on clays or other minerals, they (REE) can generally be leached out by inorganic salts [33] [34] [35] . In this experiment, a 5 g composite sample was leached with NH4Cl and NaCl for 2 h in 100 mL inorganic salts with different concentrations and the results are 
If rare earth elements are adsorbed on clays or other minerals, they (REE) can generally be leached out by inorganic salts [33] [34] [35] . In this experiment, a 5 g composite sample was leached with NH 4 Cl and NaCl for 2 h in 100 mL inorganic salts with different concentrations and the results are shown in Figure 6 . The leaching rate of rare earth increases slowly with increasing concentration of inorganic salts until at 2.6%, which indicates a low amount of adsorbed REE. Taking into account experimental errors, its content is likely to be between 2% and 3% [33] [34] [35] [36] . 
Conclusions
The weathering of primary phosphorite in southern China increases the concentration of P2O5, Fe2O3, and Al2O3, and decreases the MgO, CaO, and CO2 content. The concentration of trace elements including Ba, Ce, La, Nd, Sr, and Y was also increased, while the Co and Ni content was strongly depleted, indicating the inheritance from the original rocks. The U/Th ratios indicate that the primary ore was affected by hydrothermal imprint in the later stage of sedimentation, and the weathered ore was residually enriched in REE. Light rare earth elements are enriched relative to HREE in both primary and weathered ores, and Ce and Eu both have negative anomalies. The REE occurs mainly in fluorapatite crystal lattice and in isomorphic substitution with Ca, with only a small proportion (2-3%) adsorbed onto the mineral surface. Their ability to form separate minerals is low. The characteristics of rare earth elements indicated that the phosphorite deposits are normal marine sedimentary rocks. 
The weathering of primary phosphorite in southern China increases the concentration of P 2 O 5 , Fe 2 O 3 , and Al 2 O 3 , and decreases the MgO, CaO, and CO 2 content. The concentration of trace elements including Ba, Ce, La, Nd, Sr, and Y was also increased, while the Co and Ni content was strongly depleted, indicating the inheritance from the original rocks. The U/Th ratios indicate that the primary ore was affected by hydrothermal imprint in the later stage of sedimentation, and the weathered ore was residually enriched in REE. Light rare earth elements are enriched relative to HREE in both primary and weathered ores, and Ce and Eu both have negative anomalies. The REE occurs mainly in fluorapatite crystal lattice and in isomorphic substitution with Ca, with only a small proportion (2-3%) adsorbed onto the mineral surface. Their ability to form separate minerals is low. The characteristics of rare earth elements indicated that the phosphorite deposits are normal marine sedimentary rocks. 
